Background: Current total disc replacement (TDR) for lumbar spine requires an anterior approach for implantation but presents inherent limitations, including risks to the abdominal structures, as well as resection of the anterior longitudinal ligament. By approaching the spine laterally, it is possible to preserve the stabilizing ligaments, which are a natural restraint to excessive rotations and translations, and thereby help to minimize facet stresses. This less invasive approach also offers a biomechanical advantage of placement of the device over the ring apophysis bilaterally; importantly, it also offers a greater opportunity for safer revision surgery, if necessary, by avoiding scarring of the anterior vasculature. We present the clinical and radiologic results of a lateral TDR device from a prospective single-center study. Methods: A new metal-on-metal TDR device designed for implantation through a true lateral, retroperitoneal, transpsoatic approach (extreme lateral interbody fusion) was implanted in 36 patients with discography-confirmed 1-or 2-level degenerative disc disease. Clinical (pain and function) and radiographic (range of motion) outcome assessments were prospectively collected preoperatively, postoperatively, and serially up to a minimum of 36 months' follow-up. Results: Between December 2005 and December 2006, 36 surgeries were performed in 16 men and 20 women (mean age, 42.6 years). These included 15 single-level TDR procedures at L3-4 or L4-5, 3 2-level TDR procedures spanning L3-4 and L4-5, and 18 hybrid procedures (anterior lumbar interbody fusion) at L5-S1 and TDR at L4-5 (17) or L3-4 (1). Operative time averaged 130 minutes, with mean blood loss of 60 mL and no intraoperative complications. Postoperative X-rays showed good device placement, with restoration of disc height, foraminal volume, and sagittal balance. All patients were up and walking within 12 hours of surgery, and all but 9 were discharged the next day (7 of those 9 were hybrid TDR-anterior lumbar interbody fusion cases). Postoperatively, 5 of 36 patients (13.8%) had psoas weakness and 3 of 36 (8.3%) had anterior thigh numbness, with both symptoms resolving within 2 weeks. Of the 36 patients, 4 (11%) had postoperative facet joint pain, all in hybrid cases. Visual analog scale pain scores and Oswestry Disability Index scores improved by 74.5% and 69.2%, respectively, from preoperatively to 3-year follow-up. Range of motion at 3 years postoperatively averaged 8.1°. Signals of heterotopic ossification were present in 5 patients (13.9%), and 2 patients (5.5%) were considered to have fusion after 36 months.
Artificial disc replacement surgery has developed as a motion-preservation alternative to fusion procedures for the treatment of pain and instability associated with degenerative disc disease. Currently, all devices have been implanted through an anterior approach, with inherent limitations, including considerable collateral damage to the surrounding tissues and risk of vascular and visceral injuries. Anterior fusion surgeries have shown a complication rate of 38.3%, with complications including sympathetic dysfunction, vasFinancial and material support for this research was provided by NuVasive, Inc., in the form of coverage for non-reimbursable study-related imaging costs and provision of devices.cular injury, somatic neural injury, sexual dysfunction, prolonged ileus, wound incompetence, deep vein thrombosis, acute pancreatitis, and bowel injury. 1 Studies of anterior total disc replacement (TDR) surgeries corroborate these approach-related complications. 2 To reduce or even avoid these potential complications, the lateral approach is required for a less invasive device implantation.
The lateral approach has been indicated for anterior fusion of the thoracolumbar spine. Previous studies have reported the safety and effectiveness of the extreme lateral interbody fusion (XLIF) approach, with few approach-related complications and minimal morbidity with rapid recovery. [3] [4] [5] [6] [7] The placement of an artificial disc replacement device by the lateral approach allows less invasive access to the degenerated disc, preserving the stabilizing ligaments and providing greater endplate support, with positioning of the device at the vertebral apophyseal ring. 8 We present the clinical and radiographic results of a lateral TDR device (XL-TDR; NuVasive, Inc., San Diego, California) after 36 months from a prospective single-center study.
Methods
A prospective nonrandomized study was conducted to evaluate the clinical and radiographic outcomes of a TDR procedure using a lateral approach. All patients provided informed consent to participate. Inclusion/exclusion criteria (partially listed in Table 1 ) were similar to those previously cited for other lumbar TDR studies. 2,9 -12 Because of the inability to access the L5-S1 disc level by the lateral approach, this level was excluded.
Surgical technique
The approach was the standard XLIF technique for fusion, 3, 4, 13 with care taken to maintain the anterior longitudinal ligament (ALL) intact. The ALL provides an anterior restraint not only to extension but also to axial rotation. It has been shown that resection of the ALL leads to hypermobility of the segment and potential facet arthrosis at the same level and adjacent levels. 10,14 -16 A discectomy was performed, reaching the contralateral margin and releasing the contralateral annulus. The device must be positioned in proper sagittal and coronal alignment, permitting the placement of the prosthesis on both sides of the ring apophysis. Studies of endplate strength have shown that the apophyseal ring is the strongest area and that the center of the endplate, where most anterior implants are currently placed, is the weakest 17 and is susceptible to subsidence. 18 For proper insertion, sequential sizing was used, and the lateral TDR device (XL-TDR) was inserted. The device consists of a superior endplate and an inferior endplate with a metal-on-metal (cobalt-chromium-molybdenum alloy) ball-and-socket articulation (Fig. 1) . The surfaces of the endplates have spikes to increase primary fixation into the vertebral bone and are also coated with a dual-layer titanium plasma spray and hydroxyapatite plasma spray to facilitate bone on-growth for secondary fixation. The device covers more than 50% of the endplate area and spans the ring apophysis on both sides. The device must be in the midline, providing ideal placement of the prosthesis because of the position of its kinematic center of rotation. 
Clinical and radiographic evaluations
Patients were evaluated clinically and radiographically before surgery, at discharge, and at 6 weeks and 3, 6, 12, 24, and 36 months after surgery. At every follow-up visit, patients provided a visual analog scale score for back and leg pain; in addition, function was determined with the Oswestry Disability Index. Physical examinations measured motor and sensory function in the lower limbs. Radiographic evaluation included range-of-motion (ROM) measurements, subsidence, and heterotopic bone formation from flexion-extension x-ray images. Surgical data-operative time, blood loss, complications, and length of hospital stay-were compiled. Descriptive statistics were used to characterize the patient population and results. Paired and unpaired Student's t tests, 2 tests, and analysis of variance tests were used, where appropriate, to compare results over time or between groups.
Results

Demographics
Thirty-six patients with back pain, with or without leg pain and/or motor or sensory deficits, underwent TDR through an XLIF approach. Patients comprised 16 men and 20 women with a mean age of 42.6 years (range, 22-60 years). Surgeries included 14 single-level TDR procedures at L4-5 and 1 single-level procedure at L3-4. Three procedures included 2 levels of TDR at L3-4 and L4-5. The other 18 surgeries included an anterior lumbar interbody fusion at L5-S1 and TDR at L4-5 (16) or L3-4 (2). A 2-level example is shown in Fig. 2 . Operative time averaged 130 minutes (range, 90 -300 minutes) and blood loss averaged 60 mL (range, 30 -150 mL), with no intraoperative complications.
Patients were encouraged to walk the same day and were discharged after 1.36 days on average. Because of the transpsoatic approach, arthrogenous muscle inhibition 19 was clinically observed in 5 patients (13.8%) and 3 patients (8.3%) had anterior thigh numbness postoperatively, with both symptoms resolving within 2 weeks. At the last followup point, no neurologic symptoms were observed.
Clinical outcomes
Visual analog scale pain scores statistically improved from a mean of 92.5 preoperatively to 23.4 immediately postoperatively and were maintained at 23.7 at 3 years (P Ͻ .0001). Oswestry Disability Index scores statistically improved from a mean of 57.3 preoperatively to 29.8 at 6 weeks, with continued improvement to 17.6 at 3 years (P Ͻ .0001) (Fig. 3 ). There were no statistical differences among patients treated with single-level, 2-level, or hybrid procedures, and they did not differ with regard to age, gender, or level treated (P Ͼ .1).
Revision rate
Removal of the TDR device and revision to fusion by the same surgical approach were required in 2 cases (5.6%). The first patient presented with postoperative imaging showing that the caudal endplate of the TDR device was slightly oblique. At the 12-month follow-up visit, the patient opted to have the device removed because of back and leg pain, which was previously reported at her 6-month visit and treated by conservative care during this period. The TDR device was easily removed; the level was then fused and supplemented with bilateral pedicle screws.
The second patient presented with axial rotation of the superior endplate that initially did not affect pain and function. At the 6-month follow-up visit, the patient reported a significant increase in pain and conservative care was administered. Twenty months after surgery, the patient decided to undergo revision of the prosthesis through the XLIF approach (Fig. 4) .
Radiographic outcomes
By the lateral approach, it was possible to indirectly decompress the neural structures by disc height restoration and ligamentotaxis, also improving sagittal balance. The total ROM was statistically maintained after 36 months in comparison with preoperative values (P ϭ .6859) and was not a statistically significant factor in clinical success (P ϭ .6730). There was a significant difference among groups, with mean ROM of 12.8°f or single-level constructs, 5.3°for 2-level constructs, and 7.3°f or hybrid constructs (P ϭ .0181).
The incidence of contralateral bone formation was seen in 5 patients (13.9%) after 36 months' follow-up. These formations did not affect clinical results or mean ROM. Two patients were considered to have fusion because no movement was seen on flexion/extension X-rays at 36 months' follow-up (Fig. 5) .
Discussion
The lateral TDR presents a minimally invasive alternative to standard anteriorly placed lumbar arthroplasties. Biomechanically, the retention of an intact ALL increases stabilizing effects. Lateral device insertion leads to tensioning of the anterior and posterior longitudinal ligaments and remaining annulus. A previous biomechanical study has shown that the XL-TDR presents less ROM than intact spine, and the motion was found to be more controlled, with a more natural neutral zone. 20 However, the XLIF approach has inherent limitations, and because of obstruction by the iliac crest, it is impossible to access the L5-S1 level. Our experience shows that for multilevel pathologies that include L5-S1, a mini-anterior lumbar interbody fusion was conducted for fusion with no statistical differences in clinical outcomes between hybrid and nonhybrid constructions.
The lateral transpsoatic minimally invasive technique avoids complications related to the anterior approach, including sympathetic dysfunction, vascular injury, somatic neural injury, sexual dysfunction, prolonged ileus, wound incompetence, deep venous thrombosis, acute pancreatitis, and bowel injury, 1 but it is not risk free. The lumbar plexus within the psoas muscle needs to undergo real-time, stimulus-evoked electromyography through the lateral access. By identifying these nerves during the approach, the surgeon can avoid postoperative neurologic deficits. The results found in our study show no significant differences compared with previous studies with anterior TDRs 2,10,21,22 and the lateral approach in relation to neurologic damage.
Primary placement of the device by the lateral approach also allows a safer surgical approach option in case of prosthesis removal or revision, 23 as evidenced by the 2 uneventful revisions. It is possible to access the lumbar spine by a contralateral approach with the same technique; in addition, the anterior approach can easily be performed because the primary procedure did not create scars and adhesions in the peritoneum and great vessels.
One of the complications described in the literature regarding TDR is heterotopic ossification. 24 The presence of heterotopic bone formation was only seen on the contralateral side of the endplate. It should be pointed out that during the discectomy, the contralateral osteophytes were removed, and this should have accelerated the bone formation seen in this study. Only 2 patients presented with high degrees of heterotopic ossification subsequently associated with loss of movement at the operated level. Low-grade heterotopic ossification was seen in 5 patients and was not associated with loss of ROM. In all 7 cases, there was no relation to worsening in clinical outcomes.
Previous reports have shown that the ALL is an important retainer in extension and axial rotation and that its resection leads to hypermobility and facet arthrosis at the same level and adjacent levels. 16, 25, 26 The maintenance of the ALL, preserved by the laterally placed TDR, generates a superior biomechanical construction that prevents anterior displacement and excessive loading of the facet joints, improving ligamentotaxis and sagittal balance, which leads to a more natural neutral zone and a more constrained movement of the lumbar spine.
Clinical and radiologic outcomes at present support the success of the procedure, maintaining motion and relieving pain. Longer-term follow-up is required to determine whether the present clinical success is permanent, as suggested by our results.
Conclusions
The TDR with maintenance of the ALL provides inherent advantages over anterior approaches. While preserving ligaments with minimal morbidity, the XLIF procedure avoids mobilization of the great vessels and gives revision options. The clinical and radiologic results to date suggest a minimally invasive motion-preservation alternative to lumbar disc arthroplasty.
